The potential energy profile of the reaction between the atomic oxygen radical anion and acetonitrile has been mapped at the G3MP2B3 level of theory. Geometries of the reactants, products, intermediate complexes, and transition states involved in this reaction have been optimized at the (U)B3LYP/6-31+G(d,p) level, and then their accurate relative energies have been improved using the G3MP2B3 method. The potential energy profile is confirmed via intrinsic reaction coordinate calculations of transition states. Four possible production channels are examined respectively, as H + transfer, H-atom transfer, H 2 + transfer, and bimolecular nucleophilic substitution (S N 2) reaction pathways. Based on present calculations, the H 2 + transfer reaction is major among these four channels, which agrees with previous experimental conclusions.
I. INTRODUCTION
The reactions between atomic oxygen radical anion (O − ) and neutral molecules have attracted much attention because of their important roles in many fields, such as ionospheric chemistry, combustion chemistry, radiation chemistry, and organic chemistry [1] . Numerous experimental studies have confirmed that many chemical active negative ions can be generated from the reactions of O − with neutral molecules directly [1, 2] . For example, the reaction of O − with ethylene (C 2 H 4 ) can produce vinylidene anion (CH 2 =C − ) [3] , and halogen substituted carbene anions can be generated from the reactions of O − with halogen substituted methane [4] . Therefore, it is necessary to investigate these reactions more extensively for ionospheric chemistry, combustion chemistry, organic chemistry, and so on. Moreover, to study these reactions will give insights into the synthesis of organic intermediate anions and exploring the mechanisms for the liquid phase chemical reactions.
Among all the anion-molecule reactions involving O − , the reactions of O − with substituted methane are very significant due to their potential applications in atmospheric gases detection using chemical ionization mass spectrometry (CIMS) and synthesis of the carbene anions via H 2 + transfer from substituted methane to O − [1] . Acetonitrile (CH 3 CN) is a typical substituted methane, and there are four possible thermodynamic
As noted above, these four production channels are defined as H + transfer (Eq.(1)), H-atom transfer (Eq.(2)), H 2 + transfer (Eq.(3)), and bimolecular nucleophilic substitution (S N 2) reaction channels (Eq.(4)), respectively [1] . Previous experimental works [1, 5−8] showed that O − could react with CH 3 CN rapidly, but the branching ratios would vary wildly with different experimental conditions and detection techniques. Dawson and Jennings obtained the production branching ratio as CH 2 CN − (30%), OH − (10%), HCCN − (60%) by employing an extensively modified ion cyclotron resonance (ICR) spectrometer [5] . The reaction rate coefficient was measured to be 3500 µm 3 /(molecule s) by utilizing the selected ion flow tube (SIFT) apparatus operated at 297 K, and the unique anionic product CH 2 CN − was observed [6] . Grabowski and Melly reported a different branching ratio as CD 2 CN − (16%), OD − (6%), DCCN − (78%) when they studied the reaction of O − with CD 3 CN using the flowing afterglow (FA) apparatus operated at 300 K, and no isotope effect was observed in the branching ratio [7] . Yang et al.
observed HCCN
− as anionic product of the H 2 + transfer pathway when they studied the reaction between hydrated O − clusters and CH 3 CN [8] . Significantly, it should be noted that secondary reactions for the title reaction would influence the determination of the product branching ratio in previous experiments [1] . Dawson and Jennings concluded that the anionic product HCCN − would react with CH 3 CN via associative detachment to produce electron and corresponding neutral molecular products [5] , while Grabowski and Melly confirmed that both OH − and HCCN − reacted with CH 3 CN via proton transfer to produce CH 2 CN − as secondary anionic product [7] .
As far as we know, no quantum chemical calculation has been performed to investigate mechanism for the reaction of O − with CH 3 CN. In this work, we try to explore the mechanism for this reaction at a high G3MP2B3 [9] level of theory. The reaction processes for the aforementioned four possible production channels are examined in detail, and thus the previous experimental conclusions are also explained based on our calculations. Furthermore, the application of density functional theory (DFT) B3LYP method [10, 11] on this reaction is appraised based on current calculations.
II. COMPUTATIONAL METHODS
All calculations are carried out with the Gaussian 03 program package [12] . A high level G3MP2B3 method [9] which has been successfully applied to study the reaction mechanisms of O − with ethylene (C 2 H 4 ) [13] and vinyl radical (C 2 H 3 ) [14] is utilized to map the potential energy profile for the title reaction. In addition, B3LYP method [10, 11] has been proved to be suitable to characterize the stationary points on the potential energy surfaces (PESs) for the reactions of O − with methyl fluoride (CH 3 F) [15] , acetylene (C 2 H 2 ) [16] , and benzene (C 6 H 6 ) [17] , respectively. Moreover, it is important to involve diffuse functions and polarization functions in the basis sets to describe the anion-molecule reactive systems [18, 19] . Thus, the geometries of reactants, products, intermediate complexes (denoted as IM), and transition states (denoted as TS) of the title reaction are optimized at the (U)B3LYP/6-31+G(d,p) level of theory, and then harmonic frequencies and zero point energies (ZPEs) are calculated at the same level subsequently. The scaling factors for the harmonic frequencies [20] and ZPEs [9] are all set at 0.96. For the transition states, mass-weighted intrinsic reaction coordinate (IRC) calculations [21, 22] are performed to confirm the reaction processes. Natural bond orbital analysis (NBO) including natural population analysis (NPA) [23−27] using self-consistent-field (SCF) density with 6-31+G(d,p) basis set is employed to reveal the characteristics of various intermediate complexes on the PES. Unlike the standard auto-fashion G3MP2B3 method incorporated in Gaussian 03 program package, our modified version G3MP2B3 method is based on the molecular structures and thermochemistry analysis obtained at the (U)B3LYP/6-31+G(d,p) level, and projected UMP2 [28−30] energies are used instead of UMP2 energies for the open-shell species to avoid spin contamination. A larger basis set aug-cc-pVTZ [31] is utilized to re-optimize the molecular structures to explore the basis set effect. Note that all numerical integrations are performed with the default (75, 302) pruned grid unless otherwise noted.
III. RESULTS AND DISCUSSION
The optimized geometries of reactants, products, reaction intermediate complexes, and transition states on the PES are shown in Fig.1 . The title reaction proceeds on the doublet state PES, and therefore it is important to check spin contamination for the current hybrid functional B3LYP calculations. As listed in Table I , the Ŝ 2 values before annihilation for all doublet molecular structures are close to 0.75. Therefore, the spin contamination is not severe and our calculations are reliable. The G3MP2B3 relative energies at 0 K of various species are summarized in Table I , and the corresponding reaction potential energy profile is shown in Fig.2 . G3MP2B3 reaction enthalpies at 298.15 K for various channels are also shown in Table I , and they are consistent with the experimental data taken from Ref. [1] . As shown in Fig.1 , optimized geometric parameters at (U)B3LYP/6-31+G(d,p) level are similar to the ones at (U)B3LYP/aug-cc-pVTZ level. Thus the following discussions are based on the optimized geometries at (U)B3LYP/6-31+G(d,p) level and G3MP2B3 relative energies unless otherwise noted.
In general, association process plays an important role in the initial reaction between ion and neutral molecule. Due to the long-range ion-dipole interaction, O − associates with CH 3 CN rapidly without any barrier to form an ion-dipole intermediate complex with C s symmetry and 2 A electronic ground state, which is denoted as IM1. IM1 can also be viewed as a hydrogenbonding complex. As shown in Fig.1 , bond length of the C−H bond proximate to O − of IM1 is larger than that of C−H bond in CH 3 CN, and this elongation is due to charge transfer from the lone pair orbital of O − to C−H antibonding σ * orbital of CH 3 CN from a NBO donor-acceptor standpoint [27] . The energy of IM1 is 83.6 kJ/mol below the reactants as shown in Table I Besides the direct dissociation pathways mentioned above, IM2 can also overcome TS2 to form IM3. Forward and reverse IRC calculations confirm this reaction process. Figure 1 shows that the molecular structure of TS2 with C 1 symmetry is similar to IM2, so that TS2 is a typical early barrier. IM3 has C s symmetry and 2 A electronic ground state. 
HCCN
− . Thus, IM3 can directly dissociate to H 2 O and HCCN − at last. We have also tried to search the transition state corresponding to the reaction mechanism of H 2 + concerted transfer, but no concerted transition state has been found, indicating that the H 2 + transfer reaction channel observed in previous experiments should proceed via two-step isomerization indeed.
C. SN2 reaction channel
As is known to all, potential energy profile for the S N 2 reaction has two potential wells corresponding to two ion-molecule complexes separated by a barrier [34] . As we have noted, only IM1 is located on the entrancechannel PES. IM1 can overcome TS3 to form IM4. Firstly, we try to optimize TS3 on the PES with the constraint of C 3v symmetry for this S N 2 channel, but the density matrix breaks the C 3v symmetry. Thus, the optimized structure of TS3 is obtained finally with the C s symmetry. However, the molecular structure of TS3 is very near to C 3v point group. Analysis of imaginary vibrational mode shows that TS3 is a typical S N 2 reaction transition state. Reverse IRC calculation performed on TS3 leads to IM1 and forward IRC points to IM4. Both TS3 and IM4 are with 2 A electronic ground states. Along the IRC, the charge transfers from O − anion to CN group, and IM4 is an ion-dipole complex formed by CN − and CH 3 O. Natural charge populated on CN group of IM4 is −0.706 while −0.294 on CH 3 O group, and the charge will continue to transfer from CH 3 O group to CN group when IM4 decomposes to CN − and CH 3 O. Figure 2 shows that the reaction pathway to H 2 O and HCCN − as products (corresponding to H 2 + transfer) has the lowest rate-determining barrier. Therefore, under the thermal reaction condition around room temperature, the H 2 + transfer channel is the most dominant among all the production channels. On the other hand, the S N 2 reaction channel is hard to occur under the thermal reaction condition around room tempera-ture, due to too large barrier height of TS3 relative to IM1. These conclusions are consistent with previous experimental conclusions [5, 7] . But with enough relative translational energy between O − and CH 3 CN, the S N 2 reaction channel might occur with a certain probability.
D. Comparison with experimental results
As shown in Fig.2 , the overall reaction processes of the H + transfer and H-atom transfer channels are exothermic, and the dissociation limit of the former is slightly higher than that of the latter. Therefore, under the thermal reaction condition, the branching ratio of the H + transfer channel should be slightly smaller than that of the H-atom transfer channel, and OH − product should be measured with a larger branching ratio than CH 2 CN − . However, according to previous experimental results [5−7] , CH 2 CN − from H + transfer has been definitely observed with a larger branching ratio than OH − from the H-atom transfer, which obviously disagrees with present calculations. A potential factor for this contradiction is due to the secondary reactions of initial anionic products. Grabowski and Melly have observed that both OH − and HCCN − react with CH 3 CN via proton transfer to produce CH 2 CN − as secondary anionic product [7] . As a result, these two secondary reactions can decrease the branching ratios of OH − and HCCN − , and at the same time they increase the branching ratio of CH 2 CN − . We believe that these two secondary reactions are the key factors for the disagreement between our calculations and previous experiments. Thus the branching ratios for the title reaction should be further measured in experiment without influence of the secondary reactions, e.g. using crossed beam technique as Farrar et al. has done [16] . [16] , and C 6 H 6 [17] , however, our previous calculations show that the B3LYP method is not suitable to calculate accurate energies for the stationary points on the PES [13] . Therefore, high level G3B3 or G3MP2B3 methods [9] based on the B3LYP calculations should be employed to obtain more accurate energies for the stationary points on the PES, as present calculations have done.
As to the reaction of O − with CH 3 CN, a calculation problem is encountered while studying the H + transfer and H-atom transfer channels. Based on the current B3LYP calculations, we cannot describe the OH − · · · CH 2 CN and OH· · · CH 2 CN − PESs separately, since we cannot control the charge to populate on OH group or CH 2 CN group, neither can we locate the different transition states corresponding to H + transfer and H-atom transfer channels respectively. Thus, the B3LYP method is not suitable to deal with the H + transfer and H-atom transfer channels for the title reactive system. This limitation prevents us from performing further calculations of reaction kinetics and/or dynamics based on the present B3LYP reaction potential energy profile, e.g. RRKM calculations [35] and/or Born-Oppenheimer molecular dynamics (BOMD) simulations [36−39] . Recently, physical and chemical natures for the limitations of the current exchangecorrelation functions have been elucidated by Cohen et al. [40] . Thus, the failure of the B3LYP method to model the H + transfer and H-atom transfer reaction channels for the title reaction can be appointed to the delocalization error and static correlation error. Similarly, using other exchange-correlation functions should not successfully model the H + transfer and H-atom transfer reaction channels for this reaction either, based on the same factors. In this case, the multi-configuration self-consistent-field (MCSCF) [41−43] method is expected to resolve this problem, but our primary calculations using MCSCF method to distinguish the H + transfer and H-atom transfer reaction channels always fail due to convergence problems.
Fortunately, except for modeling the H + transfer and H-atom transfer channels on the exit-channel PES of the title reaction, the other B3LYP calculations including geometry optimizations and frequency calculations are believed to be reliable.
IV. CONCLUSION
The potential energy profile and reaction mechanism for the reaction of O − with CH 3 CN have been studied with the high level G3MP2B3 method. Four possible production channels are examined respectively, as H + transfer, H-atom transfer, H 2 + transfer, and S N 2 reaction pathways. Based on our calculations, at thermal reaction condition around room temperature, the H 2 + transfer channel is the most dominant production pathway, and the S N 2 channel is difficult to occur, which agrees with previous experimental conclusions.
However, our detailed calculations show that the B3LYP method can not describe the H + transfer and Hatom transfer channels fully and properly. Fortunately, besides modeling the H + transfer and H-atom transfer channels on the exit-channel PES of this reaction, the other B3LYP calculations including geometry optimizations and frequency calculations are still reliable. 
